The pine shoot beetle Tomicus piniperda is present throughout Eurasia. In Europe, it is considered as a secondary pest that rarely causes tree mortality, while heavy damage is observed in Yunnan Province (China) where it exhibits a novel aggregative behaviour during shoot attack. To understand why the ecological characteristics of the European and Chinese populations differ so strongly, we conducted an analysis of population genetic structure on 12 populations in Yunnan and one in JiLin using mitochondrial (COI-COII) and nuclear (ITS2 and 28S rDNA) DNA sequences, and compared the results to those obtained in France. We showed that the Yunnan populations differed markedly from French and JiLin populations. For all three markers, the genetic distances measured between the Tomicus from Yunnan and those from France were similar to distances previously observed between species. Similar distances were found between Yunnan and JiLin populations. Conversely, the distances between French and JiLin individuals were substantially lower, falling in the intraspecific range. We concluded that the individuals sampled in Yunnan belong to a new, undescribed species (Tomicus sp. nov.).
Introduction
The bark beetle genus Tomicus (Coleoptera: Curculionidae: Scolytinae) includes six species worldwide (Wood and Bright, 1992) . Three are restricted to Central and Eastern China (T. brevipilosus, T. pilifer and T. puellus), one is found only around the Mediterranean Basin (T. destruens), while the remaining two species occur throughout Eurasia (T. piniperda and T. minor). The typical life cycle of any Tomicus species contains a phase of trunk attack and a phase of shoot attack. The trunk attack corresponds to the dispersal, mating and reproduction. Females bore a longitudinal gallery in the inner bark where they lay eggs in lateral niches. The larvae feed on the inner bark, and the complete larval development takes place on the same host. Young adults emerge after 4-8 weeks and fly to surrounding shoots where maturation feeding takes place.
T. destruens and T. piniperda are known to cause economic damage on pine species. However, T. piniperda has a larger range, and its populations in Europe and in some parts of China seem to have evolved towards different ecological strategies of host use leading to contrasting levels of forest damage. In most European countries, T. piniperda develops on most pine species, and may cause substantial growth losses due to the shoot feeding phase (Langströ m and Hellqvist, 1991) . However, it very seldom kills trees (Lieutier, 1991) . It is therefore regarded as a minor pest by most entomologists in Europe. On the other hand, in Southwestern China (Yunnan Province), T. piniperda primarily attacks Pinus yunnanensis and can kill healthy trees by mass attack (Ye and Zhao, 1995; Ye, 1998; Ye and Ding, 1999) , causing extensive damage. The first reports of T. piniperda killing Yunnan pine dates back to the 1980s (Ye, 1991) , and more than 200 000 ha of Yunnan pine forests have been nearly completely killed so far (Ye and Ding, 1999) . This insect is therefore considered as a main forest pest in this region. Interestingly, T. piniperda does not cause any heavy damage in other parts of China, nor on pine species other than P. yunnanensis, except for some exceptional epidemics on Scots pine in North China, and on P. armandii in North-western China.
The Yunnan populations of T. piniperda present a very original behaviour, which consists of aggregation on some individual trees during the shoot maturation period. It certainly results in considerable tree weakening which could explain the heavy tree mortality due to subsequent trunk attack (Ye and Lieutier, 1997; Langströ m et al, 2002; Lieutier et al, 2003) . This behaviour is completely unknown in Europe, where the beetle populations are quite dispersed on different trees during shoot attack. The aggregation process has also not been described in other parts of China, such as JiLin Province. Several hypotheses can be suggested to explain the ecological differences observed between European and Yunnan populations of T. piniperda. One of these is that difference in host tree species is a key factor in the observed differences in insect-tree relationships. It has also been suggested that climatic characteristics of Yunnan, with no cold period between trunk and shoot attack, could partly explain the shoot aggregation phenomenon, but the possibility still remains that the Yunnan populations could differ genetically from the European ones (Ye and Lieutier, 1997) . To test this possibility, we conducted a genetic study of different populations of T. piniperda sampled on P. yunnanensis in Yunnan Province in order to compare the results to the situation previously found in France (Kerdelhué et al, 2002) . The objective was to measure the genetic divergence between Chinese and French populations of T. piniperda and to estimate the level of population differentiation between the two areas and understand their ecological disparities.
Material and methods

Beetle sampling
In December 1999 and January 2000, beetles were sampled on trunks or shoots of P. yunnanensis. Sampling was also performed in stands of P. semaonensis and P. armandii, but was unfruitful. A total of 12 sampling localities were chosen in Yunnan province, PR China, and are summarized in Table 1 . The locations are shown in Figure 1 . In all, 30-50 insects were collected in each locality and were immediately stored in absolute ethanol. Additionally, ca. 30 T. piniperda were collected in Jilin Province (JingYueTan Park, see Figure 1 ) on P. sylvestris mongolia and P. tabulaeformis, and six individuals of T. minor were sampled in six of the 12 Yunnan localities for comparison with the populations of T. piniperda on Pinus yunnanensis. The sister genus Dendroctonus was chosen as outgroup. Individuals of D. frontalis were thus sampled on P. ponderosa in Flagstaff, Arizona, USA in August 2002. All tubes were kept at À201C before DNA extraction.
Beetles identification and DNA extractions
All the beetles were observed under a binocular for identification prior to DNA extraction. DNA was extracted from the head, thorax and legs of five individuals per locality as well as for the six sampled T. minor. The abdomen, elytras and antennae were kept apart to avoid contamination by fungi and nematodes and to permit further morphological observations. Total DNA was isolated and purified following procedures ( 
DNA amplification and sequencing
We used the same PCR primers as in Kerdelhué et al (2002) to amplify part of the cytochrome oxydase gene using either the Promega Taq package or the Sigma RedTaq (5 0 CCTCATCATTATGAGCTATTGG 3 0 and 5 0 TCATAGGATCAATATCATTG 3 0 ). We also amplified the nuclear ITS2 region and the D2 domain of the 28S rDNA for some individuals in order to confirm the mitochondrial results. The primers were those used by Campbell and collaborators (1993) 0 for the 28S. The annealing temperatures were 501C for both COI-COII and ITS2, whereas it was 571C for 28S rDNA. A total of 30 cycles were performed. All PCR products were then purified, either with the QIAquick PCR purification kit (Qiagen) or the GenElute PCR clean-up kit (Sigma). Purified PCR products were directly sequenced with the amplification primers. Sequencing was performed using the big-dye terminator sequencing kit and carried out either with a ABI 373 or a ABI 3100 automatic sequencer (PE Applied Biosystem).
Data analysis
The obtained sequences for each gene were aligned using Clustal W (Thompson and Higgins, 1994) as implemented in BioEdit. We first analysed all the mitochondrial sequences obtained from the Chinese beetles. To understand the high divergence measured between the Yunnan and the JiLin individuals (see Results), we then compared two individuals per group or per species with previously published sequences obtained with the same primers for French populations (Kerdelhué et al, 2002) of T. piniperda (accession numbers AF457804 and AF457825), T. destruens (AF457831 and AF457846) and T. minor (AF457865 and AF457866). We finally sequenced and analysed the ITS2 domain and D2 region of 28S rDNA for these individuals (both French and Chinese) and the outgroup D. frontalis. Genetic distances (JC) between the individuals as well as the numbers of transitions and transversions were calculated using MEGA 2.0 (Kumar et al, 2001) . Phylogenetic trees were reconstructed with PAUP 4*b10 (Swofford, 2000) using the maximum parsimony method (MP) and maximum likelihood algorithm (ML), rooted with D. frontalis sequences. Separate analyses were conducted on the COI-COII and D2 data sets. The ITS2 data set was not used for the phylogenetic approach as the Tomicus sequences could not be aligned with the outgroup due to high sequence divergence. For MP analysis, we conducted a heuristic search with 10 random stepwise additions of sequences and tree bisection-reconnection (TBR) branch-swapping. For the ML approach, the appropriate model of evolution was chosen by Modeltest 3.06 (Posada and Crandall, 1998) and subsequently used for phylogenetic reconstructions. In all cases, a bootstrap procedure was completed with 1000 iterations for MP and 500 for ML.
Results
Beetle identification and sequence results Morphological observation of the Tomicus sampled on P. yunnanensis showed that nine individuals out of the 68 used for molecular analyses belonged to the species T. brevipilosus. Identification was based on elytral setal characters following Eggers' key (Eggers, 1929) , and was subsequently confirmed by Dr M Knizek (Forestry and Game Management Research Institute, Praha). The nine individuals were collected in three of the 12 sampled localities (see Table 1 ).
For the mitochondrial COI-COII genes, we successfully amplified and sequenced 53 individuals of T. piniperda, nine of T. brevipilosus and six of T. minor from Yunnan and JiLin Provinces. The length of the sequences obtained was 804 BP including 474 BP in COI, 77 in tRNALeu and 253 in COII (including alignment gaps that occur in the tRNALeu). Concerning the nuclear genes, we obtained 582 BP sequences for ITS2 and 968 BP for 28S (including alignment gaps).
All sequences have been deposited in GenBank under accession numbers AY570803-AY570903.
Genetic distances
Juke-Cantor genetic distances were calculated for all three genes (namely COI-COII, ITS2 and D2); distance ranges for within-and between group comparisons are given in Table 2 . For each gene, intraspecific distances were much lower than, and did not overlap with interspecific distances. Interestingly, for all three genes, the distances between T. piniperda from Yunnan Province and T. piniperda from either France or JiLin Province were fully compatible with interspecific distances. For these reasons, we will hereafter distinguish between the Yunnan group and the JiLin group for all data analyses.
Phylogenetic reconstructions
Chinese COI-COII sequences: We first did phylogenetic reconstructions using the 68 sequences obtained on Chinese individuals (T. piniperda, T. brevipilosus and T. minor). We obtained 24 equally parsimonious trees of 328 steps. The 50% majority rule consensus tree is shown on Figure 2 . All haplotypes from Yunnan form a monophyletic group that appears as the sister group of all other species, namely T. minor, T. brevipilosus and T. piniperda from JiLin, which appear in a clade.
Phylogeny of French and Chinese species and populations:
We computed separate phylogenetic analyses on COI-COII and D2 sequences for a restricted data set containing only two individuals per species or group. For the COI-COII data set, the evolution model selected by Modeltest as the best fit for our data was the transversion model with gamma distribution (TVM þ G: base frequencies A ¼ 0.336, C ¼ 0.149, G ¼ 0.086, T ¼ 0.429; six substitution types, rate matrix ¼ 2.61; 24.82; 4.79; 1.71; 24.82; 1.00; gamma shape parameter ¼ 0.185).
Genetic divergence of isolated populations of T. piniperda Y Duan et al
In the maximum parsimony analysis, we obtained one most parsimonious tree of 390 steps. The maximum likelihood tree obtained with 500 bootstrap replicates is shown in Figure 3 . Once again, the T. piniperda from Yunnan appear as sister group to all other haplotypes. Internal nodes are not supported, and the relative positions of the other species in the main clade are not resolved. On the other hand, the different haplotypes belonging to the same species are grouped. In particular, the piniperda haplotypes from France and JiLin form a strongly supported clade, as well as the minor haplotypes from France and Yunnan.
For the D2 domain of 28S rDNA, Modeltest selected the K80 with a gamma distribution model of evolution, with a transition to transversion ratio of 2.5 and a gamma distribution shape parameter of 0.088. The maximum parsimony approach resulted in two most parsimonious trees of 171 steps. The maximum likelihood tree obtained with 500 bootstrap replicates is shown in Figure 3 . The relative positions of all species are better resolved than in the tree based on COI-COII sequences. Three strongly supported monophyletic groups appear and are grouped in a polytomy. One clade contains only the T. piniperda from Yunnan, a second clade groups the T. piniperda from France and JiLin Province with T. brevipilosus, and the third clade cluters T. minor (both from France and China) and T. destruens.
Discussion
Taxonomic status of T. piniperda from Yunnan and genus evolution The most striking result that came out from the analysis of both mitochondrial and nuclear sequences is that the individuals from China primarily identified as T. piniperda are strongly structured in two clades, namely the Yunnan and the JiLin groups. The genetic distances observed within groups are fully compatible with intraspecific variation commonly observed in insects, while the distances measured between groups are similar to those previously observed between fully recognized Tomicus species (Gallego and Galian, 2001; Kerdelhué et al, 2002; Kohlmayer et al, 2002) . Interestingly, the comparison between the two Chinese groups of T. piniperda and the French sequences clearly show that the distances between beetles collected in Yunnan and the French T. piniperda fall in typical interspecific distances (0.12 for mtDNA genes, 0.13 for ITS2 and 0.03 for D2), while the Tomicus from JiLin are very closely related to the French ones (genetic distance being around 0.01). It is noteworthy that quite similar results found on two of the same markers for T. piniperda and T. destruens in Spain and in France (Gallego and Galian, 2001 ; Kerdelhué et al, 2002) were used to validate the specific Genetic divergence of isolated populations of T. piniperda Y Duan et al status of T. destruens, which had previously been considered as an ecotype of T. piniperda. The data obtained on nuclear ITS2 and 28S rDNA being consistent with those obtained on the mtDNA genes, we can consider that the results are highly reliable. Moreover, significant ecological differences exist between the Tomicus from Yunnan and the European populations of T. piniperda. In particular, the ecology of insect-host relationships in Yunnan, with the aggregation of beetles in the shoots of one tree followed by trunk attack of this same host (Ye and Lieutier, 1997; Lieutier et al, 2003) , is known in no other Tomicus species. Individuals are usually very dispersed during the maturation feeding in the shoots. Unfortunately, no data are available concerning the ecology of Tomicus in JiLin Province, but no substantial damage due to Tomicus has been reported from this Province. Based on these results, we can confidently propose the hypothesis that the individuals sampled in JiLin Province belong to T. piniperda while the Tomicus from Yunnan do belong to a new, undescribed species that develop on P. yunnanensis. It will be hereafter cited as Tomicus sp. nov. The aggregation of the beetles during the shoot maturation feeding could therefore be specific of Tomicus sp. nov. The new species was found only on P. yunnanensis, even though traps were also set in stands of Pinus semaonensis and P. armandii. Tomicus sp. nov. might thus be specific to P. yunnanensis, at least in Yunnan. Such a result has important applied consequences, if we consider the damage that occurs in Yunnan Province on P. yunnanensis and was previously attributed to T. piniperda. The biology and reproductive strategies of the new Tomicus species is being studied to better understand the insect-tree relationships (Lieutier et al, unpublished) . As no T. piniperda sensu stricto (ie in its new restricted taxonomic sense) was recorded in Yunnan during the course of the present study, although our samples represented a large diversity of sites in Yunnan, it is possible that T. piniperda is actually absent from this Province or that its population levels are quite low. Sampling in other localities and eventually on other pine species is now necessary to determine the distribution of each species in Yunnan. A consequence is that previously published articles about T. piniperda in Yunnan Province (eg Ye, 1991; Ye, 1994; Ye and Zhao, 1995; Ye and Lieutier, 1997) certainly dealt with T. sp. nov. (that is still morphologically undistinguishable from T. piniperda), or with T. brevipilosus.
Moreover, our results show that the genus Tomicus actually includes seven species. Six of them are present Figure 2 Phylogenetic tree reconstructed by MP analysis from the COI-COII data set of all Tomicus sampled in China. The tree is the 50% majority rule consensus of the 24 most parsimonious trees found by heuristic search. Coding for the Chinese beetles are given in Table 1 . Table 1 , coding for French Tomicus are like in GenBank.
Genetic divergence of isolated populations of T. piniperda Y Duan et al in Asia, among which four are probably restricted to that region of the world. Specific diversity is thus highest in Asia, which could be the centre of origin for the whole genus. On the other hand, we clearly proved that T. destruens is not the closest relative of T. piniperda, as was previously supposed earlier (Kerdelhué et al, 2002) . The hypothesis that the two species diverged in sympatry in Europe is thus probably false. If T. piniperda arose in Asia and secondarily colonized Europe, the parapatry of T. piniperda and T. destruens around the Mediterranean Basin would thus rather result from a secondary contact. These evolutionary hypotheses and the biogeography of the genus Tomicus should be confirmed by building a more complete phylogeny of the genus, which would in particular take into account the two other Asian species (namely T. puellus and T. pilifer). A morphological revision of the whole genus is now clearly needed. Data about the geographic distribution and host range of each species will also be necessary to address evolutionary questions.
Genetic diversity and diet breadth of Tomicus sp. nov. The mtDNA diversity found for T. sp. nov. in Yunnan province (15 haplotypes for 49 individuals) is limited, compared to that previously observed for T. piniperda in France (21 haplotypes for 38 individuals). However, the genetic diversity is quite similar to that found for T. destruens (Kerdelhué et al, 2002) in which nine haplotypes occurred for 34 individuals (to be compared to the 10 haplotypes found for the 49 T. sp. nov. on the restricted alignment of 659 BP). In a study of the sister species Dendroctonus ponderosae vs D. jeffreyi, Kelley et al (2000) found reduced genetic diversity in the specialized species as compared to the generalist, and concluded that diet breadth could play a role in the disparity of genetic diversity and structuring between species. Diet breadth and development capacity of the new Tomicus species found in Yunnan still needs to be confirmed, but it has been so far only found on P. yunnanensis despite sampling efforts done both on the shoots and the trunks of Pinus armandii and P. semaonensis. Furthermore, the local forestry bureaux confirmed that no Tomicus have ever been observed in Yunnan on such pine species. We can thus hypothesize that T. sp. nov. is specifically associated with Yunnan pine and that the restricted diet breadth could play a role in limiting the genetic diversity. This phenomenon could also result from either a historical bottleneck undergone by T. sp. nov., or from smaller population sizes in that species, making it more prone to genetic drift (Whitlock and Barton, 1997) . Another explanation could be that T. sp. nov. experiences more episodes of flushes and crashes than T. piniperda in France, as its populations are often epidemic on Yunnan pine (Ye and Lieutier, 1997; Ye and Ding, 1999) . A similar explanation had been proposed to explain the limited genetic diversity found for T. destruens in France (Kerdelhué et al, 2002) .
